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Introduction {#sec1}
============

Cancer remains a major threat to human health. To combat it, a variety of cancer therapeutic approaches have been developed ([@bib19]; [@bib37]; [@bib35], ) and widely employed in the clinic including surgery, chemotherapy, and ultrasound, photodynamic, photothermal, and radiotherapy. However, these strategies may cause severe damages to the surrounding normal tissues ([@bib4]; [@bib18]) and/or induce undesired tumor metastasis ([@bib31]; [@bib39]). Therefore, minimally invasive or noninvasive precise therapeutic modalities, with high spatial/temporal controllability and less toxicity to healthy tissues, are still highly desired ([@bib22]; [@bib13]; [@bib14]; [@bib17]).

Recently, glucose oxidase (GOx)-based cancer starvation therapy that depletes glucose and engenders toxic H~2~O~2~/gluconic acid in the presence of oxygen has been explored ([@bib2]; [@bib33]; [@bib40]) as a targeting therapeutic strategy for cancers due to its powerful ability to change tumor microenvironments. Moreover, the generated H~2~O~2~ not only markedly enhances tumor oxidative stress but also can be converted into ·OH radicals to kill cancer cells ([@bib35]). Thus this strategy can be further integrated with other therapeutic methods to achieve enhanced synergistic therapeutic effects ([@bib36]; [@bib24]; [@bib32]). The naked GOx exposed in biological environments is particularly prone to inactivation. Also, it has the weaknesses of short *in vivo* half-life, immunogenicity, and systematic toxicity ([@bib9]). Thus, nanocarriers (inorganic or organic) for GOx ([@bib33]; [@bib40]) are highly suggested in many GOx-based starvation therapeutic strategies. However, these nanocarriers are usually undegradable *in vivo*, and hence may cause biotoxicity. Therefore, a degradable and intelligent nanocarrier for precise GOx-based starvation therapy is urgently desired.

Metal-organic frameworks (MOFs) are a class of highly crystalline, porous, and degradable solid-state materials constructed by metal ions and organic linkers ([@bib34]; [@bib27]). It affords a promising biomedical nanocarrier platform for encapsulating drugs, antibodies, genes, enzymes, etc. ([@bib8]; [@bib5]) for *in vivo* drug delivery. These MOF cages can protect proteins from the attack of proteases and the clearance of the mononuclear phagocyte system in physiological environments ([@bib3]; [@bib11]; [@bib21]; [@bib41]). Recent reports showed that some of them could react with the cellular microenvironments of cancers, e.g., ZIF-8 and UiO-66 for pH, ZIF-90 for ATP ([@bib1]). These intelligent responses of the MOF-based nanocarriers endow them with microenvironment-switchable drug-releasing ability, achieving effective tumor-targeted killing.

In this study, we developed a biomimetic, degradable, and intelligent nanoreactor (ZIF-8\@GOx-AgNPs\@MBN) for the catalytic cascade-enhanced chemo-starvation synergistic therapy of tumor. The nanoreactor was fabricated by the electrostatic assembly of the surface-enhanced Raman scattering (SERS) nanoprobes (AgNPs\@MBN) on the GOx-encapsulated ZIF-8 MOF nanoparticle (ZIF-8\@GOx). After the internalization of the nanoreactors by cancer cells, the GOx encapsulated in MOF can be gradually released according to the intercellular microenvironment of cancerous cells, to trigger a catalytic cascade reaction that can collapse the ZIF-8 cage, consume glucose, etch the AgNPs\@MBN, and produce toxic H~2~O~2~, Zn^2+^, and Ag^+^ ions, realizing the chemo-starvation synergistic therapy of cancer cells. Many studies have proved that Ag^+^ and Zn^2+^ ions have cytotoxicity on various cancer cell lines through the induction of oxidative stress, mitochondrial damage, autophagy, and cell apoptosis ([@bib30]; [@bib29]; [@bib23]; [@bib20]; [@bib12]). And the nanoreactor can be gradually degraded in the lysosomes due to the mild acidic environment of lysosomes of cancer cells. Moreover, the SERS nanoprobes loaded on the nanoreactors can self-sense and provide a feedback of the glucose level simultaneously during the therapeutic progress due to the decreasing SERS intensity of the Raman reporter (MBN) caused by the H~2~O~2~-etching effect on AgNPs. We applied the nanoreactor for the treatment of cervical carcinoma cells (HeLa) and mice planted with the cervical carcinoma tumors. The chemo-starvation synergistic therapeutic effect of the nanoreactor for tumors was assessed, and the systemic toxicity was also evaluated. The merits of the designer multifunctional nanoreactor are obvious. (1) It integrates *in vivo* sensing and chemo-starvation synergistic therapy capabilities. (2) As the main element of the nanoreactor, the ZIF-8 nanocarrier protects GOx from deactivation and immune clearance. More importantly, it has an intelligent acid response to the tumor microenvironment, and its fragmentation triggers on-demand drug (GOx) release, which is a key step for the cancer-specific therapy. (3) The nanoreactor is biodegradable, avoiding the long-term accumulation of the nanomaterials and the side effects on tumor-bearing mice. (4) The nanoreactor has instant non-invasive glucose feedback capability for therapeutic effectiveness evaluation, realized by *in vivo* SERS. (5) The high payloads of GOx and SERS nanoprobes improve the therapeutic effect and strengthen the sensing ability.

Results and Discussions {#sec2}
=======================

Characterization of ZIF-8\@GOx-AgNPs\@MBN {#sec2.1}
-----------------------------------------

As displayed in [Scheme 1](#sch1){ref-type="fig"}, the hierarchical nanoreactor was constructed by the assembly of the AgNPs\@MBN on the ZIF-8\@GOx nanoparticle. [Figures 1](#fig1){ref-type="fig"}A--1D show the transmission electron microscopic (TEM) images of the components and the resulting nanoreactors. AgNPs with a diameter of \~13 ± 2.4 nm ([Figure 1](#fig1){ref-type="fig"}A and [S1](#mmc1){ref-type="supplementary-material"}) were used for constructing the SERS nanoprobe, and our SERS measurements indicate that such a size of AgNPs affords acceptable SERS intensity for the Raman reporter MBN ([Figure S2](#mmc1){ref-type="supplementary-material"}C). We chose MBN as the reporter because it has a unique band in the silent range of bio tissues, minimizing the interference of the living body during *in vivo* SERS detections The successful preparation of the AgNPs\@MBN was evidenced by the UV-visible (UV-vis) spectra and zeta potential characterizations. The plasmonic band of AgNPs centered at 400 nm ([Figure 1](#fig1){ref-type="fig"}F) has a red shift after the MBN coating, whereas the zeta potential of the NPs also switches from −33.56 to −28.83 mV after the coating ([Figure 1](#fig1){ref-type="fig"}G).Scheme1The Design of the Nanoreactor and Its Catalytic Cascade-enhanced Synergistic Chemo-Starvation Therapy for Cancer CellsFigure 1Characterization of Nanoreactors(A--D) Typical TEM images of (A) AgNPs, (B) ZIF-8, (C) ZIF-8\@GOx, and (D) the resulting ZIF-8\@GOx-AgNPs\@MBN nanoreactors.(E) High-angle annular dark-field-scanning transmission electron microscopic and elemental mapping of the ZIF-8\@GOx-AgNPs\@MBN for C, N, O, Zn, and Ag.(F and G) (F) The UV-vis absorption spectra and (G) zeta potentials of the AgNPs, AgNPs\@MBN, ZIF-8, ZIF-8\@GOx, and ZIF-8\@GOx-AgNPs\@MBN.(H) Nitrogen adsorption analysis isotherms of ZIF-8 and ZIF-8\@GOx.

The ZIF-8\@GOx was prepared by the crystallization of the ZIF-8 precursors (zinc nitrate and 2-methylimidazole) with GOx under stirring. The average size distribution of the pure ZIF-8 is about 84 ± 4.3 nm ([Figure 1](#fig1){ref-type="fig"}B). The encapsulation of GOx in ZIF-8 NPs (ZIF-8\@GOx) caused a size increase to 99 ± 6.9 nm ([Figure 1](#fig1){ref-type="fig"}C), ascribing to a promoted growth kinetics mediated by the GOx-seeded clusters. The zeta potential of the resulting ZIF-8\@GOx is 28.6 mV, which is \~4 mV higher than that of pure ZIF-8 (24.4 mV, [Figure 1](#fig1){ref-type="fig"}G). [Figure 1](#fig1){ref-type="fig"}H shows the nitrogen adsorption analysis of the ZIF-8\@GOx, manifested as Type 1 in shape. The Brunauer-Emmett-Teller analysis exhibits that the ZIF-8\@GOx has a surface area of 841.27 m^2^/g, which is smaller than that of the pure ZIF-8 NPs (1,014.36 m^2^/g). The loading ratio of GOx in ZIF-8\@GOx analyzed by thermogravimetric analysis was \~55 wt % ([Figure S4](#mmc1){ref-type="supplementary-material"}). Moreover, the X-ray diffraction data confirm that ZIF-8\@GOx maintains the same crystalline form as the pure ZIF-8 NPs ([Figure S2](#mmc1){ref-type="supplementary-material"}B), suggesting that the doping of GOx does not alter the crystalline structure of ZIF-8.

[Figure 1](#fig1){ref-type="fig"}D shows the TEM image of the obtained nanoreactor. It can be observed that the AgNPs\@MBN are randomly attached to the ZIF-8\@GOx surface. The existence and uniform distributions of C, N, O, Zn, and Ag were revealed by both elemental mapping ([Figure 1](#fig1){ref-type="fig"}E) and X-ray photoelectron spectroscopic analysis ([Figure S3](#mmc1){ref-type="supplementary-material"}), affirming the successful assembly of the nanoreactors. The UV-vis spectrum of the ZIF-8\@GOx-AgNPs\@MBN shows a band at \~ 402 nm, which is mainly originated from the plasmon band of AgNPs (from AgNPs\@MBN). The resulting nanoreactor gives a surface potential at 4.82 mV, which differs from either AgNPs\@MBN (−28.83 mV) or ZIF-8\@GOx (28.6 mV). The aforementioned data further verified the successful decoration of the AgNPs\@MBN on the ZIF-8\@GOx.

Tumor Microenvironment-Responsive Catalytic Cascade Reaction of the Nanoreactor {#sec2.2}
-------------------------------------------------------------------------------

Owing to the acidic degradable feature of ZIF-8, the tailor-made nanoreactor could trigger a catalytic cascade reaction in an acidic tumor microenvironment, which can be employed to perform the synergistic tumor therapy based on the fast glucose metabolism and consumption of cancer cells ([@bib15]; [@bib38]; [@bib16]; [@bib25]) and the poisoning of released metal ions ([Scheme 1](#sch1){ref-type="fig"}). Since the pH of the subcellular organelles in the cancer cells is more acidic as compared to that in the normal cells ([@bib28]; [@bib26]), the nanosensor starts degradation under an acidic environment within lysosomes of cancer cells; the fracture of the ZIF-8 skeleton structure produces zinc (Zn^2+^) and releases the loaded GOx as well. So, this synergistic therapy is tumor cell selective and normal cell ineffective, realizing the targeting and selective therapy.

Although Zn^2+^ is an essential element for humans ([@bib10]), it has toxic effects on mammalian cells at elevated concentrations as the elevation of Zn^2+^ can trigger the breakdown of the mitochondrial membrane potential, caspase activation, and cell apoptosis ([@bib29]; [@bib23]; [@bib20]; [@bib12]). Moreover, the content of glucose in the cancerous cells is more than in normal cells ([@bib16]; [@bib6]), so that the exposed GOx could effectively deplete the glucose in cancerous cells, producing H~2~O~2~ that subsequently etches AgNPs into toxic Ag^+^. Therefore, the deleterious substances (H~2~O~2~, Zn^2+^, and Ag^+^) produced by this catalytic cascade reaction of the nanoreactor, together with the starvation effect, will cooperatively kill tumor cells. Also, this synergistic therapy is selective for tumors due to the difference in the pH microenvironments between cancer and normal cells.

Equally importantly, in addition to the synergistic therapy capability, the designed nanoreactor also has the capability of glucose self-sensing, which is vital not only for the feedback of the intracellular glucose environment but also for the assessment of GOx activity of the nanoreactor. The sensing performance of the nanoreactor was assessed by using the SERS spectroscopy based on a "turn-off" mechanism (intensity decrease) of the Raman reporter (MBN) induced by the H~2~O~2~ etching effect on the AgNPs (described as [Equations 1](#fd1){ref-type="disp-formula"} and [2](#fd2){ref-type="disp-formula"}), in which the enzymatically produced H~2~O~2~ is glucose relevant.$$\text{D} - \text{glucose} + \text{O}_{2} + \text{H}_{2}\text{O}\overset{\text{GOx}}{\rightarrow}\text{D} - \text{gluconic~acid} + \text{H}_{2}\text{O}_{2}$$

Clearly and as confirmed experimentally, only in the presence of glucose and acidic conditions, the SERS intensity of MBN was reduced ([Figure 2](#fig2){ref-type="fig"}A), proving enzymatic activity of GOx and degradability of the nanoreactor in an acidic environment.Figure 2Tumor Microenvironment-Responsive Catalytic Cascade Reaction of the Nanoreactors(A) SERS spectra of the ZIF-8\@GOx-AgNPs\@MBN nanoreactors without (1 and 3) or with 5 mM glucose (2 and 4) at pH = 7.0 (1 and 2) and pH = 4.5 (3 and 4).(B) SERS spectra of the nanoreactors reacted with different concentrations of glucose (bottom to top: 0--10 mM) for 3 h at pH = 4.5.(C) The plot of the SERS peak intensity with the concentrations of glucose.(D) The selectivity of the nanoreactors for glucose over other negative controls according to the SERS intensity of 4-MBN at 2,226 cm^−1^. The error bars are calculated from three trials.(E) Fluorescence colocalization images of HeLa cells after incubation with the rhodamine B(RhB)-labeled (BSA)-encapsulated ZIF-8 NPs (red, ZIF-8\@RhB) for different incubation times, while the lysosomes were stained with LysoTracker (green). Scale bar, 50 μm.(F) Bio-TEM images of HeLa cells after incubation with the ZIF-8\@GOx-AgNPs\@MBN for 6 h.

ZIF-8 is considered as a good delivery carrier for enzyme, antibody, gene, and so on. ZIF-8 can protect these biomolecules from inactivity and immune clearance and maintain their biological function, which is key role for a nanocarrier ([@bib21]; [@bib40], [@bib41]; [@bib7]). In the present design, ZIF-8 is an acid-responsive material, and its drug release condition is proved to be 4.5 ([Figure 2](#fig2){ref-type="fig"}A). One concern is whether the enzymatic activity of GOx under acidic condition would be affected. To test this, a chromogenic reaction of tetramethyl benzidine (TMB) was conducted. In this sensing process, the hydroxyl radicals produced from the disproportionation of the enzymatically produced H~2~O~2~ under catalysis by horseradish peroxidase will oxidize colorless TMB to chromogenic TMB cation-free radicals, which can be assayed at 650 nm with a UV-vis spectrometer. The results ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B) indicate that the GOx maintained its good catalytic activity irrespective of whether they were encapsulated into ZIF-8 or were under acidic condition (pH = 4.5) ([Figures S5](#mmc1){ref-type="supplementary-material"}C and S5D). In addition, the optimum pH for GOx activity is ∼4 *in vitro* and the activity of GOx is about 616.6 U/mL in the acidic environment of the tumor ([Figure S6](#mmc1){ref-type="supplementary-material"}). Fortunately, the activity of GOx is also not affected by the high temperature during the synthesis of the ZIF-8\@GOx ([Figure S7](#mmc1){ref-type="supplementary-material"}).

The AgNPs\@MBN element on the nanoreactor shows a good linear response to the GOx/glucose reaction in a glucose concentration range of 0--10 mM ([Figures 2](#fig2){ref-type="fig"}B and 2C) with the lowest detectable concentration of 0.1 mM. This sensing shows high selectivity to glucose ([Figure 2](#fig2){ref-type="fig"}D) and fewer interferences from other substances in the biological environments.

Positioning of the Nanoreactor in Cells {#sec2.3}
---------------------------------------

The distribution of the nanoreactors within cells was disclosed by using confocal laser scanning microscopic imaging by using rhodamine B (RhB)-encapsulated ZIF-8 NPs ([Figures S8](#mmc1){ref-type="supplementary-material"} and [2](#fig2){ref-type="fig"}E). From the fluorescence co-localization of the ZIF-8\@RhB and the LysoTracker (green) in HeLa cells, we can observe that by increasing the culture time, more and more ZIF-8\@RhB enters into cells, giving brighter red fluorescence; after 6-h cell incubation, the ZIF-8\@RhB lights the whole cells and the cells still keep their morphology. The colocalization coefficient (Pearson\'s correlation coefficient) of the ZIF-8\@RhB and the LysoTracker was calculated as 0.9914, indicating their high spatial consistency. Furthermore, the location of nanoreactors in the lysosomes was affirmed by bio-TEM ([Figure 2](#fig2){ref-type="fig"}F).

Therapeutic Effect of Nanoreactors for HeLa Cells {#sec2.4}
-------------------------------------------------

The treatment effect of the nanoreactors after being incubated with HeLa cells was then examined. The dose of the nanoreactor for cells was first evaluated. A safe concentration of the nanoreactor for HeLa cells for 24 h was optimized as less than 0.16 mg/mL by using MTT assay ([Figure S9](#mmc1){ref-type="supplementary-material"}A). [Figure 3](#fig3){ref-type="fig"}A shows the fluorescence images of the live/dead cells stained by calcein-AM/propidium iodide after the cells were incubated with the nanoreactor (0.08 mg/mL) for different culture times. We can observe that \~95% cells are dead after incubation for 6 h and the percentage of the dead cells increases further with incubation time ([Figure S9](#mmc1){ref-type="supplementary-material"}B). The therapeutic efficacy of the nanoreactors was further quantified by the flow cytometry experiments (the typical Annexin V-APC/7-AAD staining protocol, [Figure 3](#fig3){ref-type="fig"}B). The results were consistent with those of the aforementioned live/dead cell staining assay, indicating that HeLa cells died by the apoptotic pathway.Figure 3Therapeutic Effect of Nanoreactors for HeLa Cells(A) Confocal fluorescent images of HeLa cells after incubation with ZIF-8\@GOx-AgNPs\@MBN at different times (n = 3). All scale bars, 80 μm.(B) Flow apoptosis assay of HeLa cells after different treatment times (n = 3).(C) The confocal fluorescent images of live and dead HeLa cells that underwent different treatments, including control (PBS), ZIF-8, ZIF-8\@GOx, AgNPs\@MBN, and ZIF-8\@GOx-AgNPs\@MBN. Cells were stained by Calcein-AM/propidium iodide, and the green and red colors stand for the alive and dead cells, respectively (n = 3). All scale bars, 80 μm.(D) SERS spectra of HeLa cells incubated with ZIF-8\@GOx-AgNPs\@MBN for different times.(E and F) Relative cell viabilities of HeLa cells incubated with different concentrations of Ag^+^, Zn^2+^ (E), and Ag^+^/Zn^2+^ with or without glucose for 24 h (F), determined by the MTT assay.

To confirm the synergy of multi-factors that drive cancerous cells to death, the cell viabilities of various forms of the nanocomposites including the control group (PBS), AgNPs\@MBN, ZIF-8, ZIF-8\@GOx, and ZIF-8\@GOx-AgNPs\@MBN, incubated with HeLa cells for 24 h, were comparatively examined via the standard MTT assay and the fluorescence live/dead cell staining as well. As clearly shown in [Figures 3](#fig3){ref-type="fig"}C and [S9](#mmc1){ref-type="supplementary-material"}C, all the control groups show no significant cell damage. Comparatively, the cell viability rate of the nanoreactor group decreases to 5.97%, demonstrating the strong cell-killing ability of the nanoreactors. We also found experimentally that the same concentration of the nanoreactors (0.08 mg/mL) is non-toxic to the normal H8 cells ([Figures S10](#mmc1){ref-type="supplementary-material"}A, S10B and [S11](#mmc1){ref-type="supplementary-material"}), which confirms our expectation that the normal cells (H8 cell) with a higher pH microenvironment are hard to trigger the catalytic cascade reactions of the nanoreactors.

To check the synergistic effects of the H~2~O~2~, Ag^+^, Zn^2+^, and glucose consumption on cancerous cell killing, we first performed the glucose consumption test in HeLa cells after they were incubated with the nanoreactor for 6 h, by taking advantage of the glucose self-sensing capability of the nanoreactors. As seen from [Figure 3](#fig3){ref-type="fig"}D, the SERS intensity of MBN gradually weakened over time, indicating that intracellular glucose was gradually consumed to the starvation state. To testify the generation of hydrogen peroxide in the catalytic cascade reaction within HeLa cells, an H~2~O~2~ kit assay was used for the HeLa cells incubated with the nanoreactor. [Figure S12](#mmc1){ref-type="supplementary-material"} shows the fluorescence images of H~2~O~2~ within the tested HeLa cells after incubation with the nanoreactors for different time. The fluorescence intensity increased gradually, indicating that more and more H~2~O~2~ was generated in the catalytic cascade reactions. The toxicities of individual Ag^+^ and Zn^2+^ to HeLa cells at different concentrations were further studied. The cell survival rate was \~70% when the concentration of Zn^2+^ is 100 μM ([Figure 3](#fig3){ref-type="fig"}E), whereas the same concentration of Ag^+^ made the cell survival rate lower than \~25%, proving that Ag^+^ has a higher toxicity than Zn^2+^ to tumor cells. The viabilities of HeLa cells treated with the two kinds of metal ions (Ag^+^ and Zn^2+^) under the different concentrations with or without glucose were also tested by the MTT assay ([Figure 3](#fig3){ref-type="fig"}F). Compared with those in the presence of glucose, the tumor cells exhibited a starved stage when glucose has been removed from the culture medium, and lower concentrations of Ag^+^/Zn^2+^ in the absence of glucose can kill more cancer cells ([Figure 3](#fig3){ref-type="fig"}F), confirming the enhanced synergistic therapeutic effect by combined treatment of starvation and the poisoning of metal ions.

*In Vivo* Tumor Therapy {#sec2.5}
-----------------------

Motivated by the outstanding biocompatibility and excellent therapeutic performance of the nanoreactor *in vitro*, we proceeded to assess its *in vivo* therapeutic behavior by examining the cervical tumor xenografted on the specific pathogen-free BALB/c nude mice ([Figure S13](#mmc1){ref-type="supplementary-material"}). The cervical tumor-bearing mice with initial tumor volumes of 200 mm^3^ were randomly divided into the following six groups: treated by (1) PBS, (2) AgNPs\@MBN, (3) ZIF-8\@GOx, and (4--6) nanoreactors with different concentrations (50, 100, and 200 μg/mL, respectively). During a therapeutic period of 14 days, the body weights of mice in control and all therapeutic groups show no significant variations, which indicates that the nanoreactor provides excellent biocompatibility in the whole therapeutic process ([Figure 4](#fig4){ref-type="fig"}A). Compared with other groups, the nanoreactor (200 μg/mL) presents satisfactory suppression effects on the tumor ([Figures 4](#fig4){ref-type="fig"}B--4E). The suppression rate, in terms of the variation of the relative tumor volume ([Figure 4](#fig4){ref-type="fig"}G), was calculated as 96.8%, implying the excellent *in vivo* therapeutic performance of the nanoreactor.Figure 4*In Vivo* Tumor Therapy and Biosafety of the Nanoreactors(A and B) (A) The body weight changes and tumor volume curve (B) of HeLa tumor-bearing mice in each group, which underwent various treatments including AgNPs\@MBN, ZIF-8\@GOx, and ZIF-8\@GOx-AgNPs\@MBN at different concentrations (50, 100, and 200 μg/mL), recorded every day.(C--E) (C) Representative digital photographs of the tumor-bearing mice after different therapies for 14 days. 1--6: PBS, AgNPs\@MBN, ZIF-8\@GOx, and ZIF-8\@GOx-AgNPs\@MBN at different concentrations (50, 100, and 200 μg/mL). The photographs (D) and weights (E) of the tumors in each group were collected on day 14.(F) H&E staining of the tumor slides after the different treatments. All scale bars, 25 μm.(G--I) (G) The relative tumor volume 14 d after treatment at different conditions. The biodistribution of Zn^2+^ (H) and Ag^+^ (I) in main tissues and tumors in 48 h of intravenous administrations of the ZIF-8\@GOx-MBN\@AgNPs.p values in (B, E, and G) were calculated by the t test, where ∗∗∗p \< 0.001 indicate that the two being compared have a very high degree of discrimination.

The tumor tissues of mice in different groups after the treatment were collected and analyzed by hematoxylin and eosin (H&E) staining assays, and the results are presented in [Figure 4](#fig4){ref-type="fig"}F. In the AgNPs\@MBN and the nanoreactor groups, the apparent deformation, shrinking of the nuclei, and destruction of the membrane integrity were all observed, indicating severe damage to tumor cells. For tumors in other groups, we observed no distinct injury.

Biosafety of the Nanoreactors {#sec2.6}
-----------------------------

To evaluate the biosafety of the nanoreactors, the biodistributions of silver and zinc elements in the main organs and tumors were determined using the inductively coupled plasma mass spectrometry (ICP-MS). As shown in [Figures 4](#fig4){ref-type="fig"}H, 4I, and [S15](#mmc1){ref-type="supplementary-material"}, the silver element was observed mainly accumulated in the tumor, without serious side effects on other organs (heart, liver, spleen, lung, kidney, and muscle), whereas the contents of the zinc element were almost unchanged in all tested organs and tumors. The histopathological evaluation of these major organs and the hematology-related assays were further carried out after the treatment. As shown in [Figure S14](#mmc1){ref-type="supplementary-material"}, the major organs stained by H&E show no significant pathological changes between the control groups and the treatment groups.

The blood chemistry analyses were also conducted by checking standard eight hematological biomarkers ([Figure S16](#mmc1){ref-type="supplementary-material"}). The results manifest no distinct abnormality in blood chemistry before and after treatment for 14 days, indicating negligible side effects of the nanoreactor. In addition, analyses of the microelements within blood show that the zinc element has no abnormal change between the control groups and treatment groups ([Table S1](#mmc1){ref-type="supplementary-material"}). These results demonstrate that this intelligent nanoreactor not only can effectively suppress tumor growth but also displays satisfactory low toxicity.

Biodegradability of the Nanoreactors {#sec2.7}
------------------------------------

Biodegradation of the nanoreactors was evaluated under neutral (pH = 7.0) and acidic (pH = 4.0--6.0) media, which imitate the *in vivo* neutral healthy body fluids and intratumoral mildly acidic environment, respectively. As shown by scanning electron microscopic images in [Figure 5](#fig5){ref-type="fig"}A, the nanoreactors can be degraded under an acid environment. Simultaneously, the degradation time of the nanoreactor was determined by using the ICP-MS ([Figures S17](#mmc1){ref-type="supplementary-material"} and [5](#fig5){ref-type="fig"}B). The content of Zn^2+^ from the extracted lysosomes within the glucose solution (1.0 mM. pH = 5.0) is gradually reduced, and the nanoreactors can be basically degraded in an acid environment within \~3 days.Figure 5Biodegradability of the Nanoreactors(A) Scanning electron microscopic images of the nanoreactors under different pH values.(B) The biodistribution of Zn^2+^ and Ag^+^ in the extracted lysosomes of HeLa cells with treatment time, assessed by ICP-MS.(C) SERS spectra of the nanoreactor after reacting with 5.0 mM glucose for 3 h at different pH values.(D) GOx release from the nanoreactors, measured by SERS method.Bio-TEM images of the tumor tissues 6 h postinjection of the nanoreactor (E) or 14 days after treatment with this nanoreactor (F).(G) Photograph shows *in situ* SERS measurements of a mouse by a confocal Raman microspectrometer. A laser beam is focusing on the tumor.(H) SERS spectra recorded from the tumor site of a mouse with intravenous preinjection of the nanoreactor for 24 h and 14 days, respectively.

[Figures 5](#fig5){ref-type="fig"}C and 5D show that the SERS signal of the nanoreactor gradually weakens as the acidity of the medium increases, indicating gradual degradation of the ZIF-8 skeleton structure of the nanoreactors under acidic condition, causing GOx\'s leakage eventually. The released GOx catalyzes the hydrolysis of glucose to generate H~2~O~2~, which can further etch AgNPs gradually, resulting in the weakening of the SERS signal of MBN located on AgNPs. [Figure 5](#fig5){ref-type="fig"}D shows the time evolution with the GOx releasing, derived from the time-dependent SERS intensities (at 2,226 cm^−1^) of the nanoreactors, indicating that GOx release is pH dependent and that this process can be completed in 2.5 h at pH 4.5. No GOx release is observed at pH = 7.0 ([Figures 5](#fig5){ref-type="fig"}D and [S18](#mmc1){ref-type="supplementary-material"}). All these results prove that our nanoreactor is degradable under a mild acid condition.

The biodegradation of the nanoreactors was further evaluated in HeLa cells and tumor-bearing nude mice by using bio-TEM and *in vivo* SERS spectra. [Figures 5](#fig5){ref-type="fig"}E, 5F and [S19](#mmc1){ref-type="supplementary-material"} show the distributions of the nanoreactors within the tumor tissue of a mouse 6 h postinjection and 14 days after treatment, respectively. It can be observed that the nanoreactors, previously located in lysosomes of the tumor tissue, have been completely degraded 14 days after treatment. [Figure 5](#fig5){ref-type="fig"}G shows the photograph of a Raman laser beam (785 nm) focusing on the tumor site of a mouse at 24 h postinjection, to acquire its Raman spectra *in vivo*. As shown in [Figure 5](#fig5){ref-type="fig"}H, the tumor area of a mouse treated with the nanoreactors for 24 h exhibits strong SERS signals. However, almost no SERS signal was observed for the cancer tissue 14 days after treatment. This proves that the nanoreactors in the mice can be degraded after the therapy, which solves the common problem of the long-term accumulation *in vivo* for most nanocarriers or nanodrugs.

Conclusion {#sec2.8}
----------

In summary, we developed an intelligent degradable nanocomposite (ZIF-8\@GOx-AgNPs\@MBN) composed of the GOx-enveloped ZIF-8 nanoparticles and the MBN-modified AgNPs. The nanoreactor possesses the catalysis-enhanced synergistic starvation/metal ion poisoning cancer therapy triggered *in situ* by the tumor microenvironment of lysosomes. Differentiated therapy toward tumor cells from normal cells was achieved by this strategy. This ZIF-8 nanocarrier has a high loading of GOx to \~55 wt %, and this encapsulation structure well protects GOx from the enzyme-mediated degradation *in vivo*. Meanwhile, the AgNPs\@MBN component on the nanoreactor can sense glucose and GOx activity during the therapeutic process *via* SERS feedback. The signal readout in the Raman silent range is beneficial to probe pharmacodynamics and tumor microenvironment changes in a living body. In addition, this nanoreactor keeps long-persistent activity under the 4 ^o^C storage for at least one month ([Figure S20](#mmc1){ref-type="supplementary-material"}). More interestingly, this nanoreactor can be cleared effectively from the mouse body due to its excellent biodegradability, which avoids long-term toxicity and endows it with many *in vivo* applicable potentials. This work highlights a unique multi-functional nanocomposite, the MOF-supported GOx, for combating solid tumors. It also provides an extensible route to design smart catalytic cascade nanosystems for anticancer and extensive applications in biomedical fields.

Limitations of the Study {#sec2.9}
------------------------

Some limitations to the findings of this study must be acknowledged. First, the limitation of this work is that the sample size of the mice studied is not large enough, so that the results obtained cannot fully accurately reflect the therapeutic effect of the nanoreactor. Second, in this study we worked with nude mice. Although its physiological characteristics are similar to those of humans, there are certain differences. Therefore, there are still some challenges in using this method for real clinical diagnosis and cancer therapy.

Electronic Supplementary Information (ESI) available: Experimental Section, characterizations of the ZIF-8\@GOx-AgNPs\@MBN, catalytic performance of GOx, characterization of ZIF-8\@RhB, treatment effect of the nanoreactor for HeLa cells, cell viabilities of H8 cells under different treatments, comparison of H8 cells viability under 2D and 3D cell culture, evaluation of H~2~O~2~ content in HeLa cells, establishment of cervical tumor xenograft, H&E staining of main organs, biodistributions of Zn^2+^ and Ag^+^ in main organs, blood chemistry analyses of the tested mice, biodistributions of Zn^2+^ and Ag^+^ in extracted lysosomes, GOx release self-sensing, long-term stability of the nanoreactor.
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### Materials Availability {#sec2.10.2}
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### Data and Code Availability {#sec2.10.3}
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All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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